G-protein-coupled receptors (GPCRs
Introduction
Polytopic proteins (spanning membranes several times) are synthesized by ribosomes attached at the cytosolic face of the endoplasmic reticulum (ER) and enter cotranslationally in the ER lumen via a translocation complex (the translocon), to which they are targeted by hydrophobic signal sequences ( Figure 1 ). Membrane insertion of transmembrane domains is driven by the translocon and orientation signals contained in the polypeptidic chain itself and it is assisted by molecular chaperones and folding factors 1, 2 .
Most polytopic proteins fold properly with the aid of the general chaperone system, which comprises classical and lectin chaperones, in addition to enzymes that catalyze disulfide bond formation or peptidyl-prolyl cis-trans isomerization 3, 4 . Once polytopic proteins have achieved their native conformation, they leave the ER and are transported through the secretory pathway to their destination. This complex ER machinery constitutes the major quality-control system for proof-reading newly synthesized proteins: folding-defective polypeptides are exported across the ER membrane into the cytosol and destroyed by the ER-associated degradation pathway (ERAD) 5 .
Several studies have investigated the implication of the general chaperone system in GPCR folding. The Hsp70 family ER luminal protein BiP/GRP78 is the master regulator of the ER. Assisted by Hsp40 family co-factors, BiP facilitates translocation of nascent chains in the ER lumen, participates in protein folding and oligomerization and contributes to the retrotranslocation of misfolded proteins to ERAD 4 . Some GPCRs, such as thyrotropin-releasing hormone receptor (TRH receptor) and lutenizing hormone receptor (LSH receptor), were reported to interact with BiP 6, 7 . LSH receptor, was also found to interact in the ER with GRP94, a member of the Hsp90 family and Bip cofactor 7 . GRP94 likely interacts with more advanced folding intermediates than BiP, since it binds some substrates that have been . As expected from the GPCR glycosylation profile, multiple reports illustrate the interaction between GPCRs and carbohydrate-binding chaperones [6] [7] [8] [9] [10] [11] [12] .
Interestingly, ER-retained receptor mutants were found to display enhanced interaction with both carbohydrate-binding chaperones and/or BiP 9, 13 . Finally, several reports documented the degradation of wild type or mutant GPCRs by ERAD 12, 14, 15 . The developing field of the proteomic analysis of GPCR-associated protein complexes 16 will likely confirm that interaction with the general chaperone system is a common feature for all receptors.
Post ER trafficking
Exit of proteins from the ER occurs at ER exit sites, where buds are formed and coated with the COPII coat under the control of the Sar1p GTPase. Proteins released from the ER quality control machinery accumulate in these buds 17 . remains unknown whether GPCR targeting to the cell surface from the Golgi is regulated.
However, a recent report indicates that the N-terminus of the α 2B -adrenoceptor may contain a signal to exit from the Golgi. Indeed, a receptor mutant, in which adjacent Tyr and Ser amino acid residues were substituted, was totally trapped in this organelle 32 .
GPCR oligomerization might control receptor maturation and cell surface translocation
Most GPCRs may exist as either homodimers or heterodimers. Dimerization seems to occur in the ER where it could have an important role in biosynthesis and quality control of newly synthesized receptors 33 . Heterodimerization can mask retention signals present in the sequence of some receptors, such as the GABA B(1)
34
, which are constitutively trapped in the ER in the absence of maturation partners. In contrast, the mechanism by which GPCR homodimerization might affect ER exit remains to be elucidated. A plausible hypothesis is that homodimerization might help receptor folding. Association of nascent polypeptides with chaperones prevents unproductive interactions with the environment that result in protein aggregation 35 . Hydrophobic regions (such as membrane spanning domains of GPCRs) are particularly prone to non-specific aggregation. Thus, the ordered association of two nascent GPCR polypeptides via their transmembrane regions (often constituting the dimerization interface) could hide a significant proportion of the exposed hydrophobic surface and facilitate correct folding. The hypothesis that in a GPCR dimer receptor protomers may serve as folding chaperones one to each other, is consistent with the fact that functional GPCR heterodimers have been obtained in reconstituted cell models containing receptors, which do not "meet" in real life. In these artificial conditions, where two distinct GPCR polypeptides are forced to enter simultaneously in the ER, if they display sufficient structure-driven propensity to assemble, they may form heterodimers. Homodimerization might also contribute to quality control. Dimeric receptors are likely to be structurally symmetric. Random mutations affecting the overall structure of one protomer, may generate asymmetry within the dimer. Checking for symmetry could represent a simple method for ER quality-control mechanisms to recognize and retain nascent mutations, for disposal via the ERAD. Consistent with this model, mutant ER-retained GPCRs generally display dominant negative effect of over wild type forms in heterozygous individuals or in reconstituted cellular models 33 .
Changing Paradigms
GPCRs displaying regulated translocation to the plasma membrane from intracellular stores.
It is commonly believed that, in the absence of agonist-promoted endocytosis, , which bind nascent proteins in the ER and escort them to the Golgi complex and the plasma membrane.
During the past ten years, a vast array of membrane-associated or cytoplasmic proteins has been identified, which constitutively interact with GPCRs within intracellular compartments and facilitate their cell surface expression. These proteins functionally behave like GPCR chaperones or escorts although they often display other biological roles. They were often identified by expression-cloning approaches or two-hybrid screens aimed to identify accessory factors helping the functional expression of "difficult to study" receptors.
The first example of non-conventional escort proteins for GPCRs is represented by receptor-activity-modifying-proteins (RAMPs 
Proteins that negatively regulate GPCR export via retention.
A simple explanation of GPCR retention within intracellular compartments in the absence of appropriate signals of forward export or in the case of a lack of "private" chaperones or escort proteins, might be the persistent interaction with proteins of the general quality-control machinery. Although this hypothesis remains plausible, some observations argue for the existence of specific retention mechanisms.
For example, the second extracellular loop of PAR2 was shown to interact with the Nterminal domain of the Golgi-resident type I transmembrane protein p24A. PAR2 is trapped in the Golgi because of this interaction. Upon activation of cell surface PAR2, the small G protein ARF1 is recruited in its GDP-bound form, to Golgi membranes, where a specific exchange factor activates ARF1. This process results in the dissociation of PAR2 from p24A
and receptor sorting to the plasma membrane 76 . During development, a GPCR-retaining protein was reported to control the surface receptor availability of Frizzled (FZD), a GPCR, which promotes caudalizing signals. This ER-resident protein, Shisa, is specifically expressed in head ectoderm, where it binds to and inhibits cell surface trafficking of FZD.
Shisa-mediated receptor retention thus constitutes a mechanism to control head-tail polarity 77 . Although evidence for receptor-specific retention mechanisms is still limited for GPCRs, other recent examples exist for growth-factor receptors 78 , suggesting that this field may rapidly evolve in the near future.
Concluding remarks and perspectives.
The emerging picture of GPCR trafficking from biosynthetic compartments to the plasma membrane appears much more sophisticated than expected, particularly if the recent hypothesis of large signaling complexes containing GPCRs, G proteins and effectors being assembled during maturation The scheme represents a step-by-step outline of GPCR synthesis and transport along the secretory pathway. Numbered boxes refer to either general mechanisms of protein transport (in black) or to GPCR-specific events (in blue). The proteins indicated in the boxes are described in the text and have all been shown to specifically contribute to GPCR transport. ER: endoplasmic reticulum; ERGIC: ER-Golgi intermediate compartment; ERAD:ERassociated degradation pathway; COPII: coat protein II (or coatomer), involved in the transport of proteins from the rough endoplasmic reticulum to the Golgi apparatus. COPI: coat protein I, found on Golgi membrane at steady state, and involved in the formation of vesicles leaving the Golgi, including those of the retrograde transport to the ER. 
